respectively. This makes the proposed antenna suitable to cover a number of operating bands of wireless systems (2.4 
are promising candidates for this design due to their low profile, low-weight, and ease of fabrication [2] .
On the other hand, various fractal geometries have found their way in antenna design to produce compact and multiband antennas benefiting from their unique space filling and self similarity. To provide bandwidth enhancement of the resonant bands, fractal based slot structures are widely used in the design of multiband printed antennas. Conventional fractal geometries such as Koch, Cantor, Hilbert, Sierpinski, Minkowski and other fractal curves have been successfully used to produce dual-band and multiband printed slot antennas for various wireless applications [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] .
It is worth to note that the applications of fractal geometries in the design of slot printed antennas can be classified into two categories. In the first, direct application of fractal geometries has been adopted [3] [4] [5] [6] [7] [8] [9] [10] . In such a case, the fractal geometries constitute the whole antenna slot structure. The multiband behavior of such antennas has been extracted almost directly without the need for any tuning elements or slot shape modification. However, in the second category, the slot structure is a combination of Euclidian structures, such as triangle, square, rectangle and other polygons, and fractal geometries superimposed on these structures, where each line segment is replaced by fractal curve with certain iteration level [11] [12] [13] [14] . In this case, the multiband behavior has been achieved using different approaches. These include the addition of tuning stubs to the feed line and modification of the slot structures by rotating it around the antenna axis.
In this paper, a compact printed fractal based slot antenna is presented for use in dual-band wireless applications operating within the frequency range of 1-6 GHz. The slot structure of the proposed antenna is in the form of Cantor square fractal geometry of the second iteration. The antenna is fed with a 50 Ω microstrip line etched on the reverse side of the ground plane. The proposed antenna reveals a dual-band behavior with a wide separation between the upper and the lower resonant frequencies, making it suitable for most of the applications available in these bands. A parametric study carried out on the most effective elements of the antenna structure reveals that the proposed antenna offers more degrees of freedom to antenna designers.
II. THE ANTENNA STRUCTURE
The Cantor square fractal is adopted to create the slot structure of the proposed printed antenna. The Cantor square fractal is a version of Cantor set made with squares instead of lines. Here, the generation process involves starting with a square, dividing it into nine squares, and cutting out all of them except for the corner ones. Figure 1 demonstrates the generation process of the Cantor square fractal structure up to the third iteration. The fractal structure can be constructed using string rewriting beginning with a cell and iterating the rules [15] 
The size of the unit element after the nth iteration is
and the number of elements is given by the recurrence relation
where N 1 =5, and the first few numbers of elements are 5, 65, 665, 6305, ... [15] . Expanding out gives
The fractal dimension is therefore,
This means that the square is filled and the slot structure has no longer being with a fractal shape. It is then, expected that the antenna dual-band resonant response will diminish as the iteration level becomes higher. Simulation results with a slot structure of the first iteration show that only one resonant band in this frequency range. This, of course, does not prevent the possibility of the existence of other resonant bands beyond this frequency range. Similarly, the slot structure of the third iteration makes the antenna resonating at one frequency band. However, the antenna with a slot structure of the second iteration has been found to offer an interesting dual-band resonance. This is expected from Equ. 5; as n approaches infinity the dimension of fractal slot is equal to 2 which means the slot is no longer being with a fractal structure. Consequently, effort is devoted to investigating the radiation characteristics offered by the antennas with slot structure based on the second iteration Cantor square fractal as depicted in Fig. 1 (c).
III. THE ANTENNA DESIGN

Parametric Study
The proposed printed fractal based slot antenna depicted in Fig. 2 has been modeled, and its performance has been evaluated within the frequency range of 1-6 GHz using the prescribed substrate. Simulation results have shown that the antenna offers a dual-band response. The frequency ratio of the two resonant bands is of considerable importance in order to cover the different communication services below 6 GHz. In this context, simulation results reveal that the frequency ratio is influenced by two parameters; the feed line length and the aspect ratio of the antenna slot structure. A parametric study has been carried out to explore the effects of these two parameters on the antenna performance. Theoretical results are presented in the following two subsections.
A) The effect of feed line length Figure 3 demonstrates the return loss responses of the dual-band slot antenna depicted in Fig.  2 , with the feed line length varying from 21 to 27 mm. For the different feed line lengths, the antenna offers dual-band return loss responses with interesting features. As the feed line length is increased, the centers of the lower resonant bands are decreased due to increased coupling, while the relevant bandwidths are almost maintained constant around 0.75 GHz. On the other hand, the center of the upper resonant band is almost unchanged while the corresponding bandwidths decrease. However, below some value of the feed line length, the upper resonant band starts to diminish. 
B) The effect of the antenna slot aspect ratio
An interesting feature of the proposed antenna design is that it exhibits dual-band return loss responses with a considerable range of the resonant frequency ratio f 2 /f 1 within the specified frequency range when varying the aspect ratio of the antenna slot structure. The aspect ratio of the fractal slot structure is defined as the ratio of slot width W s to its length L s . In this context, the parametric variable is the slot aspect ratio, which appears in Fig. 3 and Table 2 , obtained by only varying the slot width W s while keeping its length L s constant. Figure 4 demonstrates the simulated return loss responses of the proposed antenna for selected values of the aspect ratio in the range of 0.75−1.5, in steps of 0.25. Table 2 provides the resonant fractional bandwidths for a wider range of aspect ratios than those depicted in Fig. 4 . Figure 4 reveals that, on the contrary of the responses depicted in Fig. 3 , that the rate of change of the lower resonant frequency is small as compared to that of the upper resonant frequency. When the aspect ratio becomes higher, the upper resonant frequency decreases considerably and approaches the lower band leading to lower frequency ratios. However, above some value of the aspect ratio, the two resonant bands are coupled together to form a single broadband resonance. On the other hand, as the aspect ratio becomes lower, the upper resonant band shifts further from the lower band leading to a higher frequency ratio. However, below some value of the aspect ratio, the lower resonant band starts to diminish. It is clear from the results depicted in Figs. 3 and 4 , and Table 1 that with appropriate dimensional scaling, the proposed antenna offers a dual-band behavior covering most of the available wireless services operating at 2.45 GHz and 5.8 GHz.
Finally, Fig. 5 demonstrates the current distribution on the surfaces of the antenna with aspect ratios corresponding to those modeled in Fig. 3 at the centers of the upper resonant bands. It is clear that as the aspect ratio is made lower, the corresponding slot structure becomes narrower; this in turns leads to a shorter effective radiating path. For this, the resonant band associated with this shorter path length becomes higher. In summary, the parametric study can be concluded as; the presented antenna possesses two propagated modes; the lower resonant mode is approximately determined by the overall slot size while the upper resonant mode is determined by the first slot size as seen from the microstrip feed line. In addition, the longer feeding line results in larger current distribution path in the upper zone around the slot and therefore leading to decrease the lower resonant frequency.
IV. NUMERICAL AND EXPERIMENTAL RESULTS
Several printed fractal-based slot antennas with slot structures as depicted in Figs. 1(b, c, and d) have been initially designed with the layout as shown in Fig. 2 . By appropriate dimensional scaling, the two resonant bands have to be found within the frequency range of 1-6 GHz. The resulting antenna has been found to have a square ground plane with a side length, L g =W g , of 50 mm, while the square containing the slot fractal structure has a side length, L s =W s , of 33 mm. The 50 Ω microstrip feed line, on the other side of the substrate, has a width, W f , of about 3.0 mm and length, L f , of 23 mm. As will be shown in the subsequent sections, a parametric study has to be carried out to explore the effects of the feed line length and the slot aspect ratio on the antenna performance.
The configuration of Fig. 2 has been fabricated. Figure 6 shows photographs of the fabricated prototype of this antenna. Table 2 summarizes the dimensions of the fabricated antenna. Measured and simulated return-loss responses of the fabricated antenna prototype are depicted in Fig. 7 . As it is implied from Fig. 7 , the center of the measured lower resonant band is slightly right shifted away from the simulated one, while the simulated bandwidth is slightly narrower. On the other hand, the measured and simulated upper resonant bands are approximately co-centered ant the corresponding bandwidths are almost equal. In summary, the simulated and measured results are in reasonable agreement. As will be shown later, the four small isolated conducting squares contained in the antenna structure have a slight effect on its performance. However, examining the influence of the various parameters on the antenna performance, it has been found that the dominant factor in the antenna is the slot side length L s in terms of the guided wavelength λ g :
where ε eff is the effective dielectric constant and is given by [17] 
However, most of the currently available EM simulators provide direct calculation of ε eff in terms of the substrate specifications at the design frequency. In the other hand, only the first term of Equ. 7 has often used by many researchers [18] . In terms of the slot side length L s and the guided wavelength λ g , the lower resonant frequency, f 1 , is given by:
where c is the speed of light in free space, and λ g has been calculated in terms of the lower resonant frequency. As compared with the related published works, the values of the corresponding gains throughout the two resonating bands are relatively high and approximately approach each other. However, this is not the case in most of the related work published in the literatures. In the majority of these works, the difference between the gain values corresponding to the two bands is considerably large with either the first band having the lower gain [6] , [9] , [19] [20] [21] [22] and the second band with the higher gain, or vice versa [23] - [24] . Equal gains of the corresponding bands but lower than those realized in this work have also been reported in [8] , [11] .
Furthermore, to provide more physical interpretation about the EM characteristics of the proposed antenna, the simulated surface current distributions at 2.50 and 5.80 GHz, are shown in Fig. 11 . It is worth to note that there is a slight difference in the color bar scale for the simulated current distributions at the two frequencies. As the results of Fig. 11 (a) imply, the resonance at 2.5 GHz is attributed to the larger surface current path as compared with that at 5.8 GHz. However, at both resonant frequencies, the small isolated conducting square substructures have almost no current flowing on their surfaces. Therefore, it can be said that the lower resonant frequency has been predominantly determined by the slot structure perimeter as suggested earlier in the calculation of Equ. 8. 
V. CONCLUSION
A Cantor square fractal based printed slot antenna is introduced for use in dual-band wireless applications operating at 2.45 GHz and 5. Table 1 . The resulting frequency ratio versus the aspect ratio and the related fractional resonant bandwidths of the proposed antenna. Table 2 . Summary of the dimensions of the fabricated antenna.
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